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Available online 6 May 2016The whiteﬂy Bemisia tabaci (Gennadius) is one of the most threatening pests to crop production in tropical and
subtropical regions. Severe damage results from its effective transmission of plant viruses; the most serious are
members of the genus Begomovirus. B. tabaci is a complex of at least 34, species with Middle East-Asia Minor 1
(MEAM1) and Mediterranean being the most aggressive due to their broad host range and enhanced resistance
to pesticides. Because invasion of these species into new areas is often linked with severe outbreaks of new virus
diseases, a comprehensive knowledge of the abundant whiteﬂy species is a prerequisite for efﬁcient and
sustainable crop management. Species distribution of this important pest and plant virus vector is barely
known, and therefore a study was undertaken to elucidate distribution and prevalence of B. tabaci in major
crops of Thailand and Vietnam.
In Thailand the indigenous B. tabaci Asia1 was the dominant species throughout the regions and none of the
invasive species was present. In contrast, a high abundance of MEAM1 was observed in Vietnam. From its
distribution in theNorth of the country an invasion from Southern China and replacement of indigenouswhiteﬂy
species could be delineated.
Laboratory experiments showed that MEAM1 was able to replace the Asia II 1 species indigenous to this region
within four generations. In virus transmission studies MEAM1 also showed higher rates of Tomato yellow leaf
curl virus transmission compared to the Tomato leaf curl Hainan virus also indigenous to Vietnam.
© 2016 The Authors. Published by Elsevier B.V. on behalf of Korean Society of Applied Entomology, Taiwan









The whiteﬂy Bemisia tabaci (Gennadius) (Hemiptera, Aleyrodidae) is
one of the most devastating pests threatening production of food and
ﬁber crops as well as ornamentals in tropical and subtropical regions.
The insect is a polyphagous phloem-feeder sucking on more than 600
host plants and causing damage by feeding and, more important, by
spreading viral diseases among its host plants. Viruses vectored by
B. tabaci belong to ﬁve genera (Polston et al., 2014); the major virus
diseases are caused by members of the genus Begomovirus (family
Geminiviridae) of which more than 200 acknowledged species exist
and many more for which the taxonomic status as species is not yet
approved (Brown et al., 2012). These viruses are transmitted in a
persistent circulative non-propagative manner and infect a variety of
important vegetable and agricultural crops worldwide causing severe
diseases with high economic impact.
B. tabaci is a complex composed of at least 34 cryptic, morpholog-
ically indistinguishable, species (Boykin and De Barro, 2014),tz).
.V. on behalf of Korean Society of Ap
-ND license (http://creativecommhereafter referred to as species. For discrimination of B. tabaci popu-
lations, biological characters, as well as biochemical and molecular
markers have been used (Perring et al., 1993; Brown et al., 1995;
Perring, 2001). To date the assignment of populations to species is
generally done by sequencing of a mitochondrial cytochrome
oxidase I (mtCOI) gene fragment followed by sequence comparison
with the published dataset of whiteﬂy mtCOI sequences from across
the world. A genetic distance of N3.5% is then used to delineate
species borders (Dinsdale et al., 2010; Boykin and De Barro, 2014)
with a recent report (Lee et al., 2013) proposing a 4% boundary to
discriminate species.
Considerable variation of biological traits is observed between species
of B. tabaci and some features, host range and pesticide resistance are
prerequisites for adaptation to crops and environment. B. tabaciMiddle
East-Asia Minor 1 (MEAM1, former biotype B) and Mediterranean
(MED, former biotype Q) are highly polyphagous, rapidly develop
pesticide resistance, and are highly competitive. Their introduction can
lead to invasion, the displacement of indigenous whiteﬂy species and
often results in severe virus outbreaks (Pan et al., 2012; Zhang et al.,
2014; Guo et al., 2015; Ning et al., 2015) as both of them transmit
begomoviruses very efﬁciently.plied Entomology, Taiwan Entomological Society and Malaysian Plant Protection So-
ons.org/licenses/by-nc-nd/4.0/).
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have been conducted in the recent past and an increasing number of
mtCOI sequences from new locations (Firdaus et al., 2013; Shadmany
et al., 2013; Da Fonseca Barbosa et al., 2015; Lee et al., 2014), especially
in China and India (Chu et al., 2010; Hu et al., 2011; Pan et al., 2011;
Rao et al., 2011; Prasanna et al., 2015) has become available. Those
sequences are from regions where high B. tabaci populations partic-
ularly associated with tomato, chili, legumes, cucurbit crops and
cotton are found.
Because information on the identity and abundance ofwhiteﬂy pests
and viruses is prerequisite to efﬁcient and sustainable pest control and
crop management, we conducted a survey on the B. tabaci populations
in Thailand and Vietnam. These regions are among themost intensively
managed agro-ecologies in the humid tropics, and B. tabaci and the
viruses it transmits present serious constraints to crop productivity
and yield, particularly of tomato and hot pepper. These solanaceous
crops are very important components of the daily diet and losses due
to B. tabaci transmitted viruses are severe (Briddon et al., 2003; Shih
et al., 2003; Ha et al., 2008; Senanayake et al., 2006).
The survey conducted between 2012 and 2013 in major growing
regions of Thailand and Vietnam showed that in North Vietnam, in
addition to Asia1 and Asia II 1, the species indigenous to this region,
MEAM1 was present in abundance. To study the consequences of such
an invasion, we carried out experiments to compare the competitive-
ness between populations of B. tabaci MEAM1 and Asia II 1. To ﬁnd
out if shifts of begomovirus species composition result from a MEAM1
invasion, virus transmission experiments were performed comparing
the efﬁciency by which MEAM1 transmits Tomato yellow leaf curl
virus (TYLCV) with the transmission of Tomato leaf curl Hainan virus
(ToLCHnV), a virus commonly found in the regions of tomato/hot
pepper production of Vietnam.
Materials and methods
Whiteﬂy collection
Whiteﬂies were collected mainly from solanaceous plants during
surveys conducted in 2012 and 2013 at several crop production
sites in Thailand (40) and Vietnam (49). Sampling and documenta-
tion guidelines regarding among other things, kind of host plants,
number of plants and number of specimen collected were provided
to minimize sampling bias. Composite whiteﬂy samples were col-
lected from at least ﬁve symptomatic plants. Specimen were pre-
served in 95% ethanol and shipped to the DSMZ Plant Virus
Department (Braunschweig, Germany) for further processing and
analyses. A summary of geographical locations, host plants and dates
of collection is given in Table 1A and 1B.
DNA extraction
Only female insects were subjected to this study. Females were
selected using a stereomicroscope and transferred to 1.5 ml vial. Total
genomic DNA was extracted by homogenizing individual insects in
200 μl lysis buffer (InviMag Plant DNA Mini Kit, Stratec Molecular
GmbH, Berlin, Germany) and 10 μl proteinase K (10 mg ml−1) using
disposable pestles. Further steps were performed following the
manufacturers' instructions but using half of the recommended volume
of each solution.
Partial mtCOI gene ampliﬁcation and sequencing
A fragment of the mtCOI gene, nucleotide position 725 to 1560,
was ampliﬁed using the universal primers C1-J-2195 (5′-TTGATTTTTT
GGTCATCCAGAAGT-3′) and L2-N-3014 (5′-TCCAATGCACTAATCTGCCA
TATTA-3′) (Frohlich et al., 1999). PCR reactions were conducted
using 2 μl template DNA in 25 μl reaction volume consisting of
2.5 μl 10 × PCR buffer, 2.5 mM MgCl2 and 1.25 units Taq DNA
Polymerase (Life Technologies, Darmstadt, Germany), 0.2 mM of eachdeoxynucleotide triphosphate (Bioline GmbH, Luckenwalde, Germany),
0.2 μM of each forward and reverse primer and 17.5 μl ultra pure
water (Merck Millipore, Darmstadt, Germany) with an ampliﬁcation
cycle consisting of an initial denaturation of 95 °C for 3 min, followed
by 35 cycles of 95 °C for 1min, 52 °C for 1min and 72 °C for 1min, and
a ﬁnal extension of 72 °C for 10 min.
PCR products were analyzed on agarose gels and at least one frag-
ment per location was sequenced (Sequiserve, Vaterstetten, Germany).
Sequence alignment and species identiﬁcation
Partial mtCOI sequences were trimmed to 657 bp gene fragments
(Dinsdale et al., 2010) and analyzed using the Global Bemisia dataset
(De Barro, 2012; Boykin and De Barro, 2014) for species identiﬁcation.
Accessions of newly identiﬁed B. tabaci putative species (Hu et al.,
2011; Alemandri et al., 2012)were included. The ﬁnal dataset contained
662 sequences inclusive of 21 sequences from outgroup species.
Sequences were aligned using ClustalW v1.8 (Thompson et al.,
1994) and assigned to species based on N3.5 pairwise sequence
divergence following Dinsdale et al. (2010) although Lee et al.
(2013) recently suggested a 4% genetic distance for species demarca-
tion. Species names were assigned following a format suggested by
Boykin and De Barro (2014) with modiﬁcations: Species_Country
[Th = Thailand, Vn = Vietnam]_Year of sampling_Location_Host.
A total of 96 new sequences were submitted to GenBank (accession
numbers KR110108 to KR110203).
Insects and rearing conditions
Laboratory populations of B. tabaci MEAM1 (GenBank accession
number KP941428) and B. tabaci Asia II 1 (KP941427) initially collected
in Gezira (Sudan) and Hanoi (Vietnam) were maintained under
glasshouse conditions at 26 °C and a photoperiod of 14 h in insect-
proof cages (0.5 × 0.5 × 0.5 m) on cotton seedlings (Gossypium
hirsutum).
Insect populations were typiﬁed as MEAM1 and Asia II 1 on the
basis ofmtCOI sequences (Frohlich et al., 1999). Bacterial endosymbiont
communities of whiteﬂies were analyzed according to Chiel et al.
(2007). Both populations harbored the primary endosymbiont
“Candidatus Portiera”. The MEAM1 population harbored the secondary
endosymbionts “Ca. Hamiltonella”, Rickettsia andWolbachia, while the
Asia II 1 population harbored Arsenophorus and Cardinium.
All experiments in this study were performed with synchronized
whiteﬂy populations as virus acquisition and transmission efﬁciency
decrease with age of the insects (Czosnek et al., 2002).
Co-cultivation of B. tabaci MEAM1 and Asia II 1
To simulate the effects of a MEAM1 invasion into the habitat of an
endemic whiteﬂy population and to compare the competitiveness of
either of the two B. tabaci MEAM1 and Asia II 1, synchronized 4 to
7 day old whiteﬂies of both populations (100 individuals each; female
to male ratio 2:1 in both populations) were transferred to a mix of
tomato and cucumber plants (two plants each) to enable their free
choice of host plants. Both populations developed well on these hosts
when kept separately. Bemisia cultures were kept under greenhouse
conditions in insect-proof cages (0.5 × 0.5 × 0.5 m). The experiment
was performed with two replicates.
Cultures were inspected regularly to follow whiteﬂy development.
Insects of the second and fourth generations (second generation: n =
40; fourth generation: n = 20) were collected randomly using a vacu-
um aspirator. Female individuals were assigned to species by restriction
patterns of the amplicon of themtCOI gene fragment. Restriction assays
were performed with HindIII and XhoI (New England BioLabs GmbH,
Frankfurt am Main, Germany) in separate reactions using 5 μl of the
PCR product and one unit of the respective enzyme in a total volume
of 10 μl for 3 h at 37 °C. Fragments were stained with Midori Green
Direct (Biozym, Hessisch Oldendorf, Germany) and analyzed on a 1.5%
agarose gel. Restriction patterns of MEAM1 (HindIII: 114, 752 bp,
Table 1A
Whiteﬂy samples from Thailand, assignment to Bemisia tabaci species, host plants, locations and collection dates.
Samples are listed according to the collection date. Sequences were named as follows: Species_Country [Th = Thailand]_Year of sampling_Location_Host.
Sample name Species Host Province Coordinates Collection date GenBank
accession no.
Asia1_Th_12_ _S.lycopersicum1 Asia1 Solanum lycopersicum Nakhon Pathom N 14.015925, E 99.967328 April 2012 KR110111
Asia1_Th_12_ _S.lycopersicum2 Asia1 Solanum lycopersicum Nakhon Pathom N 14.015925, E 99.967328 April 2012 KR110112
Asia1_Th_12_ _Cucurbit sp.1 Asia1 Cucurbit sp. Nakhon Pathom N 14.015925, E 99.967328 April 2012 KR110109
Asia1_Th_12_ _Cucurbit sp.2 Asia1 Cucurbit sp. Nakhon Pathom N 14.015925, E 99.967328 April 2012 KR110110
Asia1_Th_12_0_Phasaeolus sp. Asia1 Phasaeolus sp. Suphanburi N 14.158333, E 100.111944 25 May 2012 KR110115
Asia1_Th_12_0_S.torvum Asia1 Solanum torvum Suphanburi N 14.158333, E 100.111944 25 May 2012 KR110116
Asia1_Th_12_0_C.annuum Asia1 Capsicum annuum Suphanburi N 14.158333, E 100.111944 25 May 2012 KR110114
Asia1_Th_12_0_B.laciniosa Asia1 Bryonopsis laciniosa Suphanburi N 14.158333, E 100.111944 25 May 2012 KR110113
Asia1_Th_12_1_C.annuum Asia1 Capsicum annuum Nakhon Ratchasima N 15.319583, E 101.89705 11 Oct. 2012 KR110117
Asia1_Th_12_2_C.annuum Asia1 Capsicum annuum Nakhon Ratchasima N 15.311533, E 101.892767 11 Oct. 2012 KR110118
Asia1_Th_12_3_C.annuum Asia1 Capsicum annuum Nakhon Pathom N 13.967717, E 99.864183 13 Oct. 2012 KR110119
Asia1_Th_12_3_S.torvum Asia1 Solanum torvum Nakhon Pathom N 13.967717, E 99.864183 13 Oct. 2012 KR110120
Asia1_Th_12_4_C.annuum Asia1 Capsicum annuum Nakhon Pathom N 13.9702, E 99.874 13 Oct. 2012 KR110128
Asia1_Th_12_4_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Pathom N 13.9702, E 99.874 13 Oct. 2012 KR110129
Asia1_Th_12_ _C.annuum Asia1 Capsicum annuum 1 Dec. 2012 KR110108
Asia1_Th_12_41_C.annuum Asia1 Capsicum annuum Ubon Ratchathani N 15.361683, E 104.854467 1 Dec. 2012 KR110121
Asia1_Th_12_42_C.annuum Asia1 Capsicum annuum Ubon Ratchathani N 15.3688, E 104.858733 1 Dec. 2012 KR110122
Asia1_Th_12_43_C.annuum Asia1 Capsicum annuum Si Saket N 15.21195, E 104.260467 2 Dec. 2012 KR110123
Asia1_Th_12_44_C.annuum Asia1 Capsicum annuum Si Saket N 15.100117, E 104.417433 2 Dec. 2012 KR110124
Asia1_Th_12_45_I.batatas Asia1 Ipomea batatas Suphanburi N 14.489722, E 99.906944 21 Dec. 2012 KR110125
Asia1_Th_12_46_S.lycopersicum Asia1 Solanum lycopersicum Suphanburi N 14.491111, E 99.915 21 Dec. 2012 KR110126
Asia1_Th_12_47_S.lycopersicum Asia1 Solanum lycopersicum Suphanburi N 14.488611, E 99.878889 21 Dec. 2012 KR110127
Asia1_Th_13_5_S.lycopersicum Asia1 Solanum lycopersicum Chiang Mai N 18.149722, E 98.356389 27 Mar. 2013 KR110142
AsiaII_6_Th_13_6_C.annuum Asia II 6 Capsicum annuum Phatthalung N 7.802778, E 100.030833 7 Mar. 2013 KR110154
Asia1_Th_13_7_S.lycopersicum Asia1 Solanum lycopersicum Chiang Rai N 19.755408, E 99.701481 7 Mar. 2013 KR110148
Asia1_Th_13_8_S.lycopersicum Asia1 Solanum lycopersicum Chiang Rai N 19.653333, E 99.507778 29 Mar. 2013 KR110150
Asia1_Th_13_9_S.lycopersicum Asia1 Solanum lycopersicum Lampang N 18.134722, E 99.444167 28 Mar. 2013 KR110151
Asia1_Th_13_10_S.lycopersicum1 Asia1 Solanum lycopersicum Nakhon Ratchasima N 14.849444, E 101.864722 20 Mar. 2013 KR110130
Asia1_Th_13_10_S.lycopersicum2 Asia1 Solanum lycopersicum Nakhon Ratchasima N 14.849444, E 101.864722 20 Mar. 2013 KR110131
Asia1_Th_13_11_S.lycopersicum Asia1 Solanum lycopersicum Saraburi N 14.77765, E 101.275725 20 Mar. 2013 KR110132
Unknown_Th_13_12_S.lycopersicum Unknown Solanum lycopersicum Suphanburi N 14.185278, E 100.081389 27 Mar. 2013 KR110155
Asia1_Th_13_14_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Ratchasima N 14.691389, E 101.408333 21 Mar. 2013 KR110133
Asia1_Th_13_15_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Ratchasima N 14.728889, E 101.346944 21 Mar. 2013 KR110134
Asia1_Th_13_16_L.acutangula Asia1 Luffa acutangula Songkhla N 7.829167, E 100.227222 7 Mar. 2013 KR110135
Asia1_Th_13_19_C.annuum Asia1 Capsicum annuum Chiang Rai N 20.148056, E 100.423333 21 June 2013 KR110136
Asia1_Th_13_25_C.annuum Asia1 Capsicum annuum Chiang Mai N 19.947778, E 99.244444 22 June 2013 KR110137
AsiaII_6_Th_13_29_C.annuum Asia II 6 Capsicum annuum Chiang Rai N 19.221283, E 99.558583 23 June 2013 KR110153
Asia1_Th_13_32_C.annuum Asia1 Capsicum annuum Chiang Mai N 18.870556, E 99.024722 24 June 2013 KR110138
Asia1_Th_13_52_S.lycopersicum Asia1 Solanum lycopersicum Ratchaburi N 13.662883, E 99.863383 23 June 2013 KR110139
Asia1_Th_13_55_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Pathom N 13.742533, E 100.1557 23 June 2013 KR110140
Asia1_Th_13_56_S.lycopersicum Asia1 Solanum lycopersicum Kanchanaburi N 14.475783, E 99.512567 27 Aug. 2013 KR110141
Asia1_Th_13_60_S.lycopersicum Asia1 Solanum lycopersicum Nong Khai N 17.960133, E 102.57115 12 Dec. 2013 KR110143
Asia1_Th_13_65_S.lycopersicum Asia1 Solanum lycopersicum Nong Khai N 17.876533, E 102.58725 12 Dec. 2013 KR110144
Asia1_Th_13_66_S.lycopersicum Asia1 Solanum lycopersicum Bueng Kan N 18.3563, E 103.673267 13 Dec. 2013 KR110145
Asia1_Th_13_73_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Phanom N 17.998433, E 104.205083 14 Dec. 2013 KR110146
Asia1_Th_13_77_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Phanom N 16.925717, E 104.733517 14 Dec. 2013 KR110147
Asia1_Th_13_80_S.lycopersicum Asia1 Solanum lycopersicum Nakhon Phanom N 17.029983, E 104.738183 15 Dec. 2013 KR110149
AsiaII_10_Th_13_88_S.lycopersicum Asia II 10 Solanum lycopersicum Mukdahan N 16.4061, E 104.8658 17 Dec. 2013 KR110152
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not restricted) were clearly distinguishable.Virus transmission experiments
To investigate if an invasion of MEAM1 can result in shifts of
begomovirus populations, virus transmission experiments were
performed with TYLCV, one of the most important tomato infecting
begomoviruses worldwide, and ToLCHnV, found in the red river delta
in Vietnam (Ha et al., 2011).
Infectious clones of TYLCV and ToLCHnV were used to establish
virus infections. Agroinoculation using Agrobacterium tumefaciens
strain LBA 4404 harboring cloned genomes of the respective
viruses was performed by needle injection of bacterial suspensions
(OD600 = 1) into stems of tomato plants (Solanum lycopersicum cv.
Linda) at the two-leaf stage. Treated plants were maintained under
greenhouse conditions at 26 °C and a 14 h light period under strict
containment. Symptoms developed approximately 14 days afterinoculation and whiteﬂy transmission experiments were conducted
21 days after inoculation.
To compare virus transmission rates, synchronized 4 to 7 day old
MEAM1 and Asia II 1 whiteﬂies were used. After an acquisition access
period (AAP) of 3 days on infected source plants single viruliferous
whiteﬂies were transferred to tomato plants for an inoculation access
period of 7 days. Symptom development was monitored until 28 days
after inoculation. Transmission experiments were performed at least
twice for one whiteﬂy/virus combination and a minimum of 40 tomato
plants were included in each experiment.
Quantiﬁcation of TYLCV and ToLCHnV in whiteﬂies
Four to seven day old whiteﬂies were given a 5 day AAP on virus in-
fected source plants following a discharge by transferring viruliferous
insects to cotton plants for two days. Whiteﬂies maintained on healthy
plants served as controls. Virus concentrations were quantiﬁed for
groups of 10 female whiteﬂies by qPCR and calculated as viral genomes
per individual whiteﬂy.
Table 1B
Whiteﬂy samples from Vietnam, assignment to Bemisia tabaci species, host plants, locations and collection dates.
Samples are listed according to the collection date. Sequences were named as follows: Species_Country [Vn = Vietnam]_Year of sampling_Location_Host.
Sample name Species Host Province Coordinates GenBank
accession no
AsiaII_6_Vn_12_21_I.batatas Asia II 6 Ipomea batatas Quang Nam N 15.590119, E 108.063480 8 Aug. 2012 KR110177
AsiaII_6_Vn_12_22_I.batatas Asia II 6 Ipomea batatas Quang Nam N 15.591799, E 108.062759 8 Aug. 2012 KR110178
MEAM1_Vn_12_23_S.lycopersicum MEAM1 Solanum lycopersicum Ha Noi N 21.011045, E 105.927297 8 Jun. 2012 KR110182
MEAM1_Vn_12_24_S.lycopersicum MEAM1 Solanum lycopersicum Son La N 20.841253, E 104.635944 3 Nov. 2012 KR110183
Med_Vn_12_25_S.lycopersicum MED Solanum lycopersicum Yen Bai N 21.751847, E 104.830141 5 Nov. 2012 KR110199
AsiaII_6_Vn_12_26_S.lycopersicum Asia II 6 Solanum lycopersicum Thai Nguyen N 21.410884, E 105.849724 6 Nov. 2012 KR110179
MEAM1_Vn_12_2_B.oleraceae MEAM1 Brassica oleraceae Ha Noi N 21.000107, E 105.726793 6 Nov. 2012 KR110184
MEAM1_Vn_12_3_C.sativus MEAM1 Brassica oleraceae Ha Noi N 21.008367, E 105.69 24 Nov. 2012 KR110185
MEAM1_Vn_12_4_B.oleraceae MEAM1 Brassica oleraceae Hai Duong N 20.991297, E 106.331803 24 Nov. 2012 KR110186
AsiaII_6_Vn_12_15_Ageratum sp. Asia II 6 Ageratum sp. Da Nang N 16.000894, E 108.131897 10 Dec. 2012 KR110176
Asia1_Vn_12_5_C.pepo Asia1 Cucurbita pepo Gia Lai N 13.67226, E 108.73268 27 Dec. 2012 KR110156
Asia1_Vn_12_6_C.sativus Asia1 Cucumis sativus Gia Lai N 13.967387, E 108.612785 27 Dec. 2012 KR110157
MEAM1_Vn_13_8_Hydrangea sp. MEAM1 Hydrangea sp. Lai Chau N 22.21657, E 103.51834 23 Jan. 2013 KR110198
T.vap_Vn_13_9_Weed T.vap. Weed Lao Cai N 22.343804, E 103.856921 23 Jan. 2013 KR110202
AsiaII_6_Vn_13_10_C.pepo Asia II 6 Cucurbita pepo Lao Cai N 22.437518, E 104.03352 23 Jan. 2013 KR110180
MEAM1_Vn_13_11_S.melongena MEAM1 Solanum melongena Lao Cai N 22.437865, E 104.034249 23 Jan. 2013 KR110187
MEAM1_Vn_13_12_S.melongena MEAM1 Solanum melongena Da Nang N 16.002998, E 108.132885 9 Mar. 2013 KR110188
Asia1_Vn_13_13_C.pepo Asia1 Cucurbita pepo Da Nang N 16.002214, E 108.130996 9 Mar. 2013 KR110158
Asia1_Vn_13_14_Capsicum sp. Asia1 Capsicum sp. Da Nang N 16.001719, E 108.131683 10 Mar. 2013 KR110159
Asia1_Vn_13_18_Weed Asia1 Weed Dak Lak N 12.882764, E 107.867832 2 Mar. 2013 KR110160
T.vap_Vn_13_16_Hydrangea sp. T.vap. Hydrangea sp. Lam Dong N 11.866007, E 108.458176 2 Mar. 2013 KR110200
T.vap_Vn_13_17_C.sativus T.vap. Cucumis sativus Gia Lai N 13.981879, E 108.077989 7 Mar. 2013 KR110201
Asia1_Vn_13_27_S.melongena Asia1 Solanum melongena Da Nang N 16.000480, E 108.080000 18 Apr. 2013 KR110161
MEAM1_Vn_13_28_C.pepo MEAM1 Cucurbita pepo Bac Ninh N 21.072700, E 106.272819 21 Apr. 2013 KR110189
MEAM1_Vn_13_29_C.pepo MEAM1 Cucurbita pepo Bac Ninh N 21.020840, E 106.210240 22 Apr. 2013 KR110190
MEAM1_Vn_13_30_G.max MEAM1 Glycine max Hoa Binh N 20.520660, E 105.575520 25 Apr. 2013 KR110191
MEAM1_Vn_13_31_C.sativus MEAM1 Cucumis sativus Bac Giang N 21.331155, E 106.247914 29 Apr. 2013 KR110192
MEAM1_Vn_13_32_S.lycopersicum MEAM1 Solanum lycopersicum Cao Bang N 22.659878, E 106.269844 29 Apr. 2013 KR110193
MEAM1_Vn_13_33_C.pepo MEAM1 Cucurbita pepo Cao Bang N 22.734272, E 106.150367 29 Apr. 2013 KR110194
MEAM1_Vn_13_34_S.melongena MEAM1 Solanum melongena Cao Bang N 22.711233, E 106.17749 29 Apr. 2013 KR110195
AsiaII_1_Vn_13_35_G.max Asia II 1 Glycine max Bac Kan N 21.965495, E 105.809276 1 May 2013 KR110173
Asia1_Vn_13_36_C.pepo Asia1 Cucurbita pepo Hai Duong N 20.86805, E 106.277833 12 May 2013 KR110162
AsiaII_1_Vn_13_37_C.pepo Asia II 1 Cucurbita pepo Hai Duong N 20.973094, E 106.524653 12 May 2013 KR110174
MEAM1_Vn_13_38_S.lycopersicum MEAM1 Solanum lycopersicum Hai Duong N 20.12775, E 106.383586 12 May 2013 KR110196
MEAM1_Vn_13_39_S.lycopersicum MEAM1 Solanum lycopersicum Lang Son N 21.818111, E 106.451056 12 May 2013 KR110197
Asia1_Vn_13_40_S.melongena Asia1 Solanum melongena Hai Duong N 20.77065, E 106.353692 13 May 2013 KR110163
Asia1_Vn_13_41_A.esculentus Asia1 Abelmoschus esculentus Quang Nam N 15.5107, E 108.6074 19 May 2013 KR110164
Asia1_Vn_13_42_C.sativus Asia1 Cucumis sativus Quang Nam N 15.5107, E 108. 6074 19 May 2013 KR110165
Unknown_Vn_13_43_Weed Unknown Weed Quang Ngai N 14.7925, E 109.0048 20 May 2013 KR110203
AsiaII_1_Vn_13_44_Capsicum sp. Asia II 1 Capsicum sp. Binh Dinh N 14.0055, E 109.0227 20 May 2013 KR110175
AsiaII_6_Vn_13_45_S.melongena Asia II 6 Solanum melongena Phu Yen N 13.17578, E 109.10520 21 May 2013 KR110181
Asia1_Vn_13_46_A.esculentus Asia1 Abelmoschus esculentus Nha Trang N 12.30993, E 109.1569 22 May 2013 KR110166
Asia1_Vn_13_47_S.melongena Asia1 Solanum melongena Nha Trang N 12.31025, E 109.17577 22 May 2013 KR110167
Asia1_Vn_13_48_S.melongena Asia1 Solanum melongena An Giang N 10.354891, E 105.247916 23 May 2013 KR110168
Asia1_Vn_13_49_S.melongena Asia1 Solanum melongena An Giang N 10.284129, E 105.209578 24 May 2013 KR110169
Asia1_Vn_13_50_S.melongena Asia1 Solanum melongena Can Tho N 10.008495, E 105.433630 25 May 2013 KR110170
Asia1_Vn_13_51_C.pepo Asia1 Cucurbita pepo Can Tho N 10.047682, E 105.395128 25 May 2013 KR110171
Asia1_Vn_13_52_S.melongena Asia1 Solanum melongena Can Tho N 10.047682, E 105.395128 25 May 2013 KR110172
(T.vap.: Trialeurodes vaporariorum).
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Kit (Peqlab, Erlangen, Germany) in aMastercycler ep realplex (Eppendorf,
Wesseling-Berzdorf, Germany). Primers were designed with Vector
NTI Advance v11.5.3 software (Life Technologies GmbH, Darmstadt,
Germany) and supplied by Euroﬁns MWG Operon GmbH (Ebersberg,
Germany). Each sample was analyzed in duplicate. 400 nM of each prim-
er (TYLCV: forward 5′-CGCCCGCCTCGAAGGTTC-3′, reverse 5′-TCGTCGCT
TGTTTGTGCCTTG-3′; ToLCHnV: forward 5′-GACCAAGAATCACACTAA
TAC-3′, reverse 5′-CCAGTAACAGTAGCCTGA-3′) and 5 μl of template
DNA (1:5 dilution) were used in a 20 μl reaction volume. Cycling param-
eters were 95 °C for 2min and 40 cycles of 95 °C for 3 s and 60 °C for 30 s.
For absolute quantiﬁcation, standard curves were generated from
plasmid dilutions carrying TYLCV and ToLCHnV, respectively. Tenfold
dilution series were prepared and concentration of virus genome
molecules was calculated.
Data analysis was performed with the realplex software package
(Eppendorf) and Microsoft Ofﬁce Excel (Microsoft Corporation).
Signiﬁcance of data was calculated using Student's t-test.Results and discussion
Occurrence and distribution of B. tabaci
Thailand
The whiteﬂy survey conducted at 40 locations in Thailand (Fig. 1A)
revealed the presence of three indigenous B. tabaci species among
which Asia1 was the dominant in the North, East and Center of
Thailand (44 sequences). Asia1 is the only species reported from
Thailand (Firdaus et al., 2013). The sequences from our study were
assigned to four haplotypes, however, with one haplotype being domi-
nant (41 sequences). This haplotype (access. no. AY686095 in theGlobal
Bemisia dataset, De Barro, 2012),was also found by Firdaus et al. (2013).
Asia II 6was found at one location in the North and one in the South;
Asia II 10 was only found at one location in the East. None of
the suspected invasive B. tabaci MEAM1 or MED was found in this
study, and absence of these species in Thailand can only be speculated
by their absence in direct neighbor countries. However, MED was
Fig. 1. Distribution of species belonging to the Bemisia tabaci species complex in Thailand (A) and Vietnam (B) in 2012 and 2013. T.vap. = Trialeurodes vaporariorum.
Fig. 2. Percentage of B. tabaciMEAM1 and Asia II 1 at the beginning of experiments 1 and 2
(start), in the 2nd generation (n = 40) and in the 4th generation (n = 20).
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remains to be seen if an introduction and spread of MED in Thailand
will occur.
One sequence, Unknown_Th_13_88_S. lycopersicum, was not
assigned to any species of the Global dataset (De Barro, 2012). Homoge-
neity of the collected population was proven by mtCOI sequences of
three females and sequences showed only 85.7% identity to B. atriplex
(GU086363). This species might then either be a new one or belong to
a Bemisia species not yet represented in GenBank. To clarify this, further
samples have to be collected and analyzed.
Vietnam
Insects from 49 locations in Vietnam were analyzed. The most
abundant indigenous species in Vietnam was Asia1 (Fig. 1B) with 17
sequences of which 16 comprised the same haplotype. This was the
same haplotypewhich dominated in Thailand indicating the high abun-
dance of this haplotype in Southeast Asia. Asia II 1 (3 sequences)
and Asia II 6 (6 sequences) were detected in the North and Centre of
the country.
More important, this study provides evidence for a high abundance
of B. tabaci MEAM1 in the North of the country where most of the
specimen analyzed were MEAM1 (17 sequences). This conﬁrms a ﬁrst
detection of B. tabaci MEAM1 (HQ703595; same haplotype as in this
study) on soybean in Hanoi in 2010 (reported in NASATI, 2012). This
haplotype seems to be the most abundant of MEAM1 with at least 527
sequences in GenBank (De Barro and Ahmed, 2011).
SinceMEAM1wasnot found in the South during the study period, an
invasion can be assumed which might have its origin in China where
MEAM1 is abundant in the provinces bordering Vietnam (Hu et al.,
2011). However, because of the ﬁxed time points and missing data on
earlier species identiﬁcation, the dynamics of this invasion cannot be
assessed. Hence it remains to be seen whether MEAM1 will continue
spreading towards southern regions or, has established equilibrium inthe agro-ecological zone. B. tabaci MED was found only once in the
North and a further Bemisia species, Unknown_Vn_13_43_Weed also
was identiﬁed but could not be assigned to any sequence of the Global
dataset. This mtCO1 sequence differed only in two nucleotides from
Unknown_Th_13_88_S. lycopersicum. Homogeneity of collected popu-
lation was shown by mtCOI sequences of three females. Conﬁrmation
of this most likely new Bemisia species has to be done as described
before, and it will certainly be of high interest to study the biology of
this insect species as it will be to determine why this to date unknown
species was found in Thailand and in Vietnam.Replacement of Asia II 1 by B. tabaci MEAM1
Co-cultivation experiments were performed to simulate the effects
of a MEAM1 invasion into the habitat of an indigenous whiteﬂy popula-
tion and to compare the competitiveness between populations of
B. tabaci MEAM1 and Asia II 1. Same numbers of insects of both
Table 2
Transmission rates of TYLCV and ToLCHnV by Bemisia tabaci MEAM1 and Asia II 1 and virus concentrations calculated as viral genomes per individual whiteﬂy (WF; Student's
t-test, p b 0.05; n = 12) and per ng DNA of the source plants (n = 4).











Virus genomes per ng DNA
(source plant)
TYLCV 80–100% 9.4 × 104 a ± 3.0 × 104 2.9 × 105 69–73% 2.1 × 104 c ± 1.1 × 104 5.5 × 105
ToLCHnV 44–50% 3.6 × 104 b ± 1.5 × 104 8.8 × 104 84–97% 1.2 × 105 d ± 7.0 × 104 1.6 × 105
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Under the prevailing conditions, the generation time of both B. tabaci
populations was approximately 28 days. Females of the second and
fourth generation were assigned to species after random collection.
Already in the second generation 83/95% (Exp. 1/Exp. 2) of the indi-
vidual insects collected were MEAM1, and after the fourth generation
only MEAM1 was left (Fig. 2). Earlier, it was reported (Xu et al., 2011;
Ahmed et al., 2013) that MEAM1 and Asia II 1 perform differently on
various host plants, and that there also is evidence that even different
populations of the same species can develop in different ways (Ahmed
et al., 2013). Although from the results presented in our study it is not
possible to deduce the speed by which a replacement would occur
under ﬁeld conditions however the high competitiveness of MEAM1
can explain the current distribution and abundance of this invasive
species in Vietnam. Similar observations on the performance of
MEAM1 compared to Asia II 1 were made by Xu et al. (2011)
and Ahmed et al. (2014). Asymmetric mating interactions could
contribute to the fast replacement by MEAM1 (Liu et al., 2007;
Luan and Liu, 2012).
Differential virus transmission by B. tabaci MEAM1 and Asia II 1
To elucidate if the invasion of MEAM1 can result in a shift of
begomoviruses in tomato, transmission rates of MEAM1 and Asia II 1
were determined for TYLCV and ToLCHnV, the virus endemic in the
Red River Delta in Vietnam (Ha et al., 2011) where both MEAM1 and
Asia II 1 were also found.
Populations of both insect species were efﬁciently transmitting their
sympatric virus, reaching up to 100% transmission of TYLCV byMEAM1
and similar rates of ToLCHnV byAsia II 1 (Table 2). Heterologous combi-
nations were much less efﬁcient with a rate of 71% of TYLCV transmis-
sion by Asia II 1 and even only 47% of ToLCHnV transmission by
MEAM1. Similar observations were made in a study by Bedford et al.
(1994) in which whiteﬂies from a particular geography showed
a higher transmission efﬁciency of viruses from the same origin.
Consequently, an invasion by MEAM1 most probably results in a shift
of tomato infecting begomoviruses, should those viruses that co-
evolved with their vector also be introduced. Such TYLCV outbreaks
following spread of invasive B. tabaciMED were also observed by Pan
et al. (2012) and Zhang et al. (2014).
As virus transmission rates may depend on the concentration of vi-
ruses in the insect vectors, we studied the correlation between acquired
virus amounts and transmission rates. TYLCV and ToLCHnV concentra-
tions were quantiﬁed in source plants, discharged single female insects
and groups of 10 whiteﬂies. As virus titers in individual whiteﬂies
differed considerably (data not shown) Table 2 shows qPCR analyses
of groups of 10 insects calculated for a single whiteﬂy.
Signiﬁcantly higher TYLCV concentrations were found in MEAM1
(9.4 × 104 virus genomes per whiteﬂy) compared to ToLCHnV
(3.6 × 104 virus genomes per whiteﬂy), and signiﬁcantly higher
ToLCHnV concentrations (1.2 × 105 virus genomes per whiteﬂy) were
found in Asia II 1 compared to TYLCV (2.1 × 104 virus genomes per
whiteﬂy). This indicates that higher transmission rates of the sympatric
viruses are a result of higher virus concentrations of the respective
B. tabaci species.
Higher concentrations of the sympatric viruses in their respective
whiteﬂy species were most likely a result of better acquisitiondependent on the virus species, in contradiction to Kollenberg et al.
(2014) who found that uptake of Watermelon chlorotic stunt virus
and TYLCV was dependent on the virus concentrations in the source
plants. In this study ToLCHnV concentration in the source plants of
Asia II 1 was lower than TYLCV concentration but ToLCHnV concentra-
tions in insects (Table 2) were signiﬁcantly higher compared to
TYLCV. Moreover, TYLCV concentration in source plants of MEAM1
was lower compared to source plants of Asia II 1 but TYLCV concentra-
tions in insects of MEAM1 were signiﬁcantly higher than in insects of
Asia II 1 underlining the inﬂuence of virus species on the uptake by
both B. tabaci species. Higher TYLCV content of MEAM1 might be a re-
sult of better translocation of this virus from the midgut lumen into
the midgut epithelia and hemocoel compared to ToLCHnV. This could
be due to virus-vector co-evolution postulated by Czosnek et al. (2002).
Conclusions
To date, only few studies on the species distribution of B. tabaci in
Thailand (Firdaus et al., 2013) and Vietnam (NASATI, 2012) exist
despite the impact of B. tabaci-transmitted viruses in the region
(Sawangjit et al., 2005; Ha et al., 2008; Tsai et al., 2011). This study,
conducted in the framework of a collaborative project to combat
begomovirus diseases, presents a ﬁrst comprehensive overview of
B. tabaci distribution in these countries and provides the baseline data
for further monitoring. Evidence is provided for a stable situation in
Thailand with the indigenous Asia1 being the most dominant species.
In contrast, B. tabaci MEAM1 was found frequently in the North of
Vietnam, and highly abundant populations indicate for its establish-
ment in the North and further spread towards the southern regions of
the country. The high competitiveness of this invasive species compared
to the indigenous Asia II 1 was conﬁrmed by greenhouse experiments.
In many epidemic episodes, introduction of invasive B. tabaci species
was associated with outbreaks of TYLCV (Pan et al., 2012; Zhang et al.,
2014). This virus was not found in the region hence. From our differen-
tial transmission experiments, however, it can be deduced that once in-
troduced it is highly likely that it replaces the endemic viruses. In China,
the invasion of MEAM1 was followed by invasion of MED (Chu et al.,
2007; Chu et al., 2010; Hu et al., 2011). B. tabaciMED was so far found
only at one location in the North of Vietnam. AsMED is resistant against
many insecticides (Horowitz and Ishaaya, 2014; Xie et al., 2014) and can
have a higher transmission capacity for TYLCV thanMEAM1 (Ning et al.,
2015), comprehensive monitoring studies have to be performed to
follow the establishment and spread of this invasive species and
possible consequences for crop management.
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